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Over the last several years, extensive research efforts have been devoted to the development of high-permittivity ͑"high-k"͒ dielectric materials to replace the SiO 2 gate dielectric in future generations of metal-oxide-semiconductor ͑MOS͒ field-effect transistors.
1 High-quality hafnium oxide ͑HfO 2 ͒ and hafnium silicate ͑denoted herein as HfSiO for short, although the stoichiometry may vary͒ have been singled out as promising materials with potentially good electrical performance.
2 However, to optimize these materials, their quality must be well controlled. For example, it has been shown that Frenkel-Poole hopping via trapping sites in HfO 2 may contribute to gate leakage in HfO 2 / SiO 2 gate stacks.
3 These trapping sites are located a few tenths of an eV below the HfO 2 conduction-band edge. Herein, we report optical absorption data that shows defect states at similar energy, originating from polycrystalline, but not from amorphous, films.
Three sets of Hf-based films, each having four nominal thicknesses of 5, 10, 20, and 40 nm, were used ͑see Table I͒. 11 Å thick SiON films were first grown on 200 mm Si͑100͒ wafers ͑n type, ϳ1 ⍀ cm, 800 m thick͒ by an SC-1/SC-2/ HF-type surface clean, followed by thermal oxynitridation using NO. Atomic layer deposition ͑ALD͒ and metalorganic chemical vapor deposition ͑MOCVD͒, the two most commonly employed deposition methods, were then used for HfO 2 and HfSiO ͑Hf: Siϳ 80: 20͒ growth on the SiONcoated Si substrates. Atomic layer deposition was carried out using alternating exposures of the common precursors HfCl 4 and H 2 O in an N 2 carrier gas. Metalorganic chemical vapor deposition of HfO 2 was performed using hafnium tetra-tertbutoxide ͓HTB, Hf͑OC͑CH 3 ͒ 3 ͒ 4 ͔ and O 2 ; 4 for HfSiO growth, SiH 4 was additionally used as the silicon source.
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Vacuum ultraviolet spectroscopic ellipsometry ͑VUV-SE͒ measurements were performed on a J. A. Woollam™ ellipsometer. 6 The dielectric functions = 1 + i 2 , where 1 and 2 are the real and imaginary part of , respectively, were determined from the analysis of ellipsometric data. 7 Infrared ͑IR͒ measurements were performed at room temperature in an evacuated Bomem DA-8 Fourier-transform infrared ͑FTIR͒ spectrometer. 6 The absorbance measurement was enhanced by the use of a hemispherical Ge attenuation total reflection ͑ATR͒ crystal. X-ray diffraction ͑XRD͒ spectra were obtained on Bruker-AXS D8 general area detector diffraction system with Cu K␣ radiation. 6 Two-dimensional 2 − patterns were collected in the 2 range from 15°to 48°and integrated in to obtain the patterns.
First, we determine the degree of HfO 2 and HfSiO crystallinity using IR spectroscopy and XRD. Figure 1 displays the IR spectra for all samples. Turning first to the MOCVD HfO 2 films, prominent phonon modes are observed at ϳ685 cm −1 and at Ϸ770-780 cm −1 . The second peak is attributed to a characteristic phonon mode of monoclinic HfO 2 , as recently predicted in a theoretical study 8 ͑ϳ779 cm −1 ͒ and as observed, e.g., for thick MOCVD HfO 2 films grown from HTB ͑ϳ750 cm −1 ͒ by Frank et al. 9 and for HfO 2 films made by chemical solution deposition ϳ752 cm −1 . 10, 11 A similar peak at ϳ745 cm −1 was identified with the crystalline phase in HfO 2 films when annealed at high temperature. 12 This clearly shows that our MOCVD HfO 2 films contain a substantial fraction of polycrystalline material. The first peak at ϳ685 cm −1 , by contrast, is consistent with modes of both monoclinic and amorphous HfO 2 and therefore does not allow clear phase identification. 11 We now turn to ALD HfO 2 and MOCVD HfSiO. Interestingly, for ALD HfO 2 , a prominent peak at ϳ760 cm −1 is only seen for the thickest 40 nm film. This must be attributed to a thickness-dependent crystallinity of ALD HfO 2 , the thinnest films beings amorphous and thick films being at least partially crystalline. For MOCVD HfSiO, at all thicknesses, no signal at 760-780 cm −1 is observed. We conclude that all HfSiO films are amorphous, demonstrating that the incorporation of 20% Si in the Hf-based oxide prevents crystallization in as-deposited films.
The presence of crystalline or amorphous phases as determined from IR data was further confirmed by the XRD measurements ͑Fig. 2͒. XRD spectra for the MOCVD HfO 2 series indicate that these films are monoclinic with preferred ͑111͒ orientation ͓see Fig. 2͑a͒ for 40 nm film͔. The 40 nm ALD HfO 2 film similarly contains a ͑111͒-textured monoclinic phase. In addition, a peak at 2 = 30.4°corresponds to the ͑211͒ reflection of orthorhombic or tetragonal HfO 2 ͓Fig. 2͑b͔͒. This same peak has been also reported by others for ALD HfO 2 films. 13 amorphous with small amounts of monoclinic and orthorhombic or tetragonal HfO 2 present, while the thinnest ALD HfO 2 films are purely amorphous ͑spectra not shown here͒. XRD spectra for the MOCVD HfSiO series show that these samples are amorphous ͓Fig. 3͑c͔͒. We now turn to the VUV-SE measurements, which provide information both about film crystallinity and electronic structure. Figure 3 displays the imaginary part 2 of the dielectric function for the ALD HfO 2 film series. At film thicknesses of 5-10 nm, a broad featureless spectrum is characteristic of amorphous materials ͓Figs. 3͑a͒ and 3͑b͔͒. 15 At thicknesses of 20-40 nm, a relatively sharp feature at ϳ7.3 eV indicates a transition to a polycrystalline phase, consistent with the IR and XRD findings ͓Figs. 3͑c͒ and 3͑d͔͒. A similar spectral and phase transformation with film thickness was also observed for ALD ZrO 2 films. 16 For MOCVD and ALD HfO 2 , VUV-SE crystallinity data is consistent with the FTIR and XRD results ͑not shown͒. All experimental techniques therefore agree on the level of crystallinity of the films studied, as summarized in Table I .
Finally, we correlate film morphology to the band edge density of states, in particular the bandgap energy ͑E g ͒ and the appearance of defect states ͑herein, designated as E def ͒ below the band edge. As shown in Fig. 3 , 5-10 nm ALD HfO 2 films exhibit a relatively sharp onset of the conduction band. In contrast, for 20-40 nm films, an additional feature at ϳ5.8 eV is observed ͓see the insets in Figs. 3͑c͒ and 3͑d͔͒ . The dielectric functions of the amorphous HfO 2 and HfSiO samples also exhibit a small band tail below the gap ͓see the insets of Fig. 3͑a͒ and 3͑b͔͒ . This weak absorption is attributed to the Urbach tail which exists below the bandgap of amorphous materials due to the disorder of the amorphous network. 17 We determine E g and E def for all HfO 2 and HfSiO films from VUV-SE data by plotting the empirical expression ͓n͑h͒␣͑h͒h͔ 1/2 versus h, where n, ␣, and h are the index of refraction, the absorption coefficient, and the photon energy, respectively. 15, 17 It was found that this expression exhibits a linear relationship with h near the band edge, and therefore E g and E def can be accurately determined by extrapolation to zero ͑see the insets of Fig. 3͒ . The extracted values are listed in Table I . The average values of E g , with an [18] [19] [20] The admixture of 20% Si, i.e., formation of hafnium silicate, leaves the bandgap largely unaffected within the experimental uncertainty.
Band edge defect states E def are located 0.2-0.3 eV below the band-gap energy E g . Interestingly, such states are observed if and only if the dielectrics exhibit crystallinity as detected by IR, XRD, and VUV-SE. This lends direct experimental support to a recent claim by Lucovsky et al. 21 They suggested that localized states below the metal d-state derived conduction-band edge in transition metal ͑and rareearth͒ oxide films ͑sometimes observed by optical and x-ray absorption spectroscopy, and by photoconductivity measurements͒ originate from crystalline, but not from amorphous, material. Our data clearly support this assertion. However, it was also claimed that even "nanocrystalline" HfO 2 films, with a grain size Ͻ3 nm, exhibit such band edge states, although they appear amorphous in XRD. 21 Experimentally, we find that only "XRD crystalline" films exhibit band edge states.
In summary, we compare hafnium-based high-k dielectric films grown by MOCVD and ALD. MOCVD-grown HfO 2 films are mostly monoclinic, while HfSiO films are amorphous. Thin ALD-grown HfO 2 films are amorphous, while thick films are monoclinic, with traces of orthorhombic or tetragonal phase present. Sub-bandgap absorption is observed in polycrystalline, but not in amorphous, films, lending direct experimental support to a recent claim by Lucovsky et al. 21 Finally, we note that sub-bandgap states discussed herein may be the underlying cause for gate leakage via Frenkel-Poole hopping. The addition of Si to HfO 2 reduces the tendency for crystallization, mitigating such issues. However, such sub-bandgap states will not likely be a limiting factor in high-k-based complementary MOS technologies, since they line up close to the band edge and are therefore not accessible at the low gate voltages employed. 
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Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure adequately. Such identification is neither intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.
